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ABSTRACT
Nolan, James K. MS ABE, Purdue University, August 2018. Towards Highly Sensitive
Multi-Analyte Micro-Biosensor Arrays for In Vitro Sensing. Major Professor: Jenna
L. Rickus.
Cells and tissues produce many micron-scale extracellular chemical gradients and
ﬂuxes due to metabolism and for communication [1, 2]. These gradients and ﬂuxes
have an important role in physiology and pathology. Highly sensitive multi-analyte
micro-biosensor arrays would be useful tools for simultaneously measuring the gradients and ﬂuxes of many molecules from cells cultures in vitro. To this end, we have
investigated (1) a practical means to functionalize MEAs with two or more enzymes,
(2) maximizing the eﬀective surface area of Pt-black-modiﬁed biosensor, comparing
it to other nanomaterials, (3) the nature of electron transfer between glucose oxidase
and single-walled carbon nanotubes, and (4) the eﬀect H2 O2 phosphate buﬀer saline,
optimal for measurement of H2 O2 gradients, has on the morphology and viability of
a model cell culture (human astrocytes). We have developed a direct-writing method
to speciﬁcally functionalize individual microelectrodes in an MEA with 100-150-µm
dots of glucose oxidase and lactate oxidase in cross-linked 15% PEGDA-600. We determined parameters for pulsed potentiostatic deposition of Pt black. With respect
to electron transfer between glucose oxidase and carbon nanotubes, our data suggest
that glucose oxidase spontaneously adsorbs to single-walled carbon nanotubes, and
once it adsorbs, quasi-reversible one-electron transfer occurs near -0.5 V vs Ag/AgCl
during cyclic voltammetry in pH 7.4 PBS. However, the glucose oxidase that adsorbs
to the carbon nanotubes is no longer catalytically active. Finally, two-hour exposure
to 20 - 500 µM H2 O2 in only pH 7.4 PBS at room temperature drastically changes
human astrocyte morphology and adherance. However, most of the cells are still

xv
alive up to that time. These developments and ﬁndings have brought us closer to a
highly sensitive multi-analyte micro-biosensor that can simultaneously measure glucose and lactate ﬂuxes from cell cultures over hours. The enzyme functionalization
technique may also be useful for making fully printed ﬂexible multi-analyte sensors
and micro-biofuel-cells.

1

1. INTRODUCTION
1.1

Glucose and Lactate in the Brain
Cells and tissues produce many micron-scale extracellular chemical gradients and

ﬂuxes due to metabolism and for the purpose of communication [1, 2]. Tools for
measuring the gradients and ﬂuxes of many species at once over a wide range of
space and time scales would help us better investigate these processes in health and
disease. One context for the measurement of multiple analytes at a micro-scale is
glucose and lactate as metabolites and signaling molecules for brain cells.
Glucose is the primary fuel source of the brain [3]. Many pathological conditions of
the brain have been linked to changes in glucose metabolism [4–6]. Lactate also plays
a dual role as fuel and signaling molecule in the brain. Astrocytes change the excitability of nearby neurons by releasing lactate [7–9], and lactate production by astrocytes
has been found to be important to memory processing [10, 11]. Finally, studying
brain metabolism has additional practical importance because commonly used techniques, ﬂuorodeoxyglucose-positron emission tomography (FDG-PET) scanning and
functionali magnetic resonance imaging (fMRI), measure local energy metabolism [2].
A multi-analyte micro-biosensor array that could measure ﬂuxes of glucose, lactate, and even other important molecules such glutmate and oxygen, would help us
probe signaling and metabolic mechanisms in brain cells and the relationship between
signaling and metabolism.

2
1.2

Amperometric Microelectrode Arrays for Measuring Gradients and
Fluxes
Sridharan et al. [12] have shown how amperometric microelectrode arrays can be

used to measure gradients and ﬂuxes of hydrogen peroxide from cells. Electrodes are
patterned in a row perpendicular to the cell surface each measure their local analyte
concentration. Then, the concentration gradient and ﬂux can be calculated using
an in situ transient calibration technique and the Fick equation. Compared to the
conventional self-referencing technique, MEAs capture more data in space and time.
Also, Sridharan et al. used MEA measurements to calculate the cell-surface concentration of hydrogen peroxide and determine the relationship between cell-surface
concentration and uptake rate across diﬀerent cell types [13]. Our next goal is functionalizing MEAs with numerous biorecognition elements. Cells communicate with
and metabolize a myriad of molecules, such as glucose and lactate [1, 2]. A multianalyte micro-biosensor array would be a powerful tool to monitor cell metabolism
and study cell physiology.

1.3

Enzymatic Biosensors
Enzymes are a common choice for biorecognition elements on amperometric sen-

sors. Some advantages of enzymes are high substrate speciﬁcity and high catalytic
rates. Additionally, enzymes generally work best in mild conditions near physiological pH and temperature in contrast to many non-enzymatic catalysts/sensors that
require very alkaline conditions [14]. Enzymatic amperometric sensors generally work
in one of three ways. (1) First generation biosensors: enzymes transfer electrons from
the analyte to a diﬀusible species, e.g., to dissolved O2 , producing H2 O2 . In this case,
O2 concentration decreases while H2 O2 concentration increases. Depending on the
bias potential, the sensor electrode either reduces O2 or oxidizes H2 O2 . Therefore, the
sensor electrode measures analyte indirectly through O2 or H2 O2 (ﬁgure 1.1). The
biosensors presented in chapter 2 were ﬁrst-generation biosensors. Chapter 3 pertains

3

Fig. 1.1. First-generation enzymatic biosensors use an oxidase enzyme
to catalyze analyte, consume O2 , and produce H2 O2 . The sensor electrode either reduces O2 or oxidizes H2 O2 and so indirectly measures
changes in analyte concentration.

4
to improving ﬁrst-generation biosensor performance by increasing the eﬀective surface
area of the sensor electrode with Pt black.
(2) Second generation biosensors: enzymes transfer electrons from the analyte to
the sensor electrode or vice versa through a mediating redox molecule, e.g., vinylferrocene. This process is called mediated electron transfer (MET). (3) Third generation
biosensors: enzymes transfer electrons from the analyte directly to the sensor electrode. This process is called direct electron transfer (DET). Chapter 4 discusses our
attempt to achieve DET between glucose oxidase and single-walled carbon nanotubes.
Because our goal is simultaneous measurement of glucose and lactate, we chose
to use glucose oxidase (GOx) and lactate oxidase (LOx) for our multi-analyte microbiosensor. Both GOx and LOx are oxidase enzymes. They both oxidize their respective analytes, and without MET or DET, they both require O2 and produce H2 O2 .
Our sensors electrodes then oxidize H2 O2 , producing a signal corresponding to the
concentration of glucose or lactate.

1.4

Summary
Multi-analyte micro-biosensor arrays would be a useful tool for studying brain

metabolism in vitro. Micro-scale deposition of enzymes with spatial control is one
challenge to making multi-analyte micro-biosensor arrays. Another challenge is maximizing sensitivity of the microbiosensors. A third challenge is interference from oﬀtarget molecules. Once the challenges have been addressed, an in vitro cell model must
be established. This work addresses each of these issues. In chapter 2, a multi-analyte
micro-biosensor made with an automated dispensing system is presented. Chapter 3
contains an exploration of pulsed potentiostatic deposition parameters to maximize
biosensor sensitivity. Chapter 4 shows the results of investigating direct electron
transfer between glucose oxidase and single-walled carbon nanotubes. The motivation was decreasing interference in multi-analyte micro-biosensor arrays. Finally, in
chapter 5, an in vitro cellular model for studying H2 O2 is characterized. Important

5
steps have been made towards highly sensitive multi-analyte micro-biosensor arrays
for in vitro sensing, particularly, sensing of glucose and lactate ﬂuxes.

6

2. ENZYMATIC FUNCTIONALIZATION OF
MULTI-ANALYTE MICROSENSOR ARRAY BY DIRECT
WRITING WITH AUTOMATED DISPENSING SYSTEM
2.1

Introduction
The self-referencing technique and similar techniques measure concentration gra-

dients and ﬂuxes from cells that are common in physiology [15–19]. Single-point
measurements of concentration alone cannot capture these phenomena [15].
Sridharan et al. [12] have shown how amperometric microelectrode arrays can be
used to measure gradients and ﬂuxes of hydrogen peroxide from cells. Our next goal
is functionalizing MEAs with numerous biorecognition elements. Cells communicate
with and metabolize a myriad of molecules, such as glucose and lactate [1,2]. A multianalyte micro-biosensor array would be a powerful tool to monitor cell metabolism
and study cell physiology.
We have tried making multi-analyte biosensor arrays using electrodeposition to
entrap enzymes in PEDOT and PoAP polymers. This technique works for making
multi-analyte sensors from stereo-electrodes with parylene-C insulation [20,21]. Electrodeposition is an attractive technique for several reasons. (1) It is relatively easy.
(2) Polymer deposition is well deﬁned and speciﬁc to the electrode shape. (3) It
can theoretically functionalize an arbitrary number of electrodes in parallel. However, we have confronted a major challenge with electrodeposition when applied to
micro-electrode arrays. During the electrodeposition process, the electrode array is
submerged in enzyme solution, and enzyme non-speciﬁcally adsorbs to the arrays SU8 passivation surface. Our ﬁnding is consistent with work by Talaei et al. [22]. This
also occurs with other commonly used passivation materials, such as PDMS [23]. For
this reason, we decided to use a direct writing approach.
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Our objective was to make a multi-analyte biosensor array that could measure
physiological glucose and lactate ﬂux from 2D cultures of human astrocyte and
glioblastoma tumor cells over a two hour period. Two hours were picked as a practical time based on our experience with H2 O2 ﬂux measurements from astrocyte and
glioblastoma cultures [12, 13]. In that work, the cell culture medium interfered with
the arrays’ Pt electrodes, so we had to measure the cells in phosphate buﬀered saline
with glucose. In such a condition, the astrocyte cells only lasted about 2 h. Therefore,
our glucose and lactate sensors must be sensitive enough and have a low enough limit
of detection to measure a change in glucose and lactate concentrations over 2 h.
In preliminary work, we have estimated that mammalian non-skeletal muscle cells
consume about 1 pmol/cm2 /s glucose, and according to literature, astrocytes export
about as much lactate as they consume glucose [2]. Then we assumed cell culture
conditions would be the same as those described in chapter 5, and the system geometry
would the same as previous measurements of H2 O2 gradients [12, 13]. We estimated
that an astrocyte cell culture in 5.5 mM glucose would change the glucose and lactate
concentrations at our sensors by 100 µM over 2 days. Therefore, our sensors would
need a maximum limit of detection of 100 µM for measurements over 2 days, and a
maximum of 2 µM for measurements over 2 h.
We have found that the Nordson EFD PRO Series automated dispensing system
can be used to pattern 150-µm-diameter dots of GOx and LOx enzymes. We used
this patterning technique to make a multi-analyte glucose-lactate micro-biosensor on
a Pt MEA. The micro-biosensor could simultaneously measure glucose and lactate.

2.2

Materials and Methods

2.2.1

Chemicals

Phosphate buﬀered saline (PBS, pH 7.4, powder dissolved in ultrapure water to
0.01 M before use) was obtained from Sigma Aldrich (St. Louis, MO). Hydrophilic
poly(ethylene glycol) diacrylate (PEGDA) monomer (Mn 600 Da) was received as
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a gift from Sartomer Company, Inc. (Exton, PA) and used as received. IR2959
photoinitiator (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one)
was received as a gift from Ciba Specialty Chemicals. Glucose oxidase (Aspergillus
niger, lyophilized powder, 220 units/mg, stored at 20 °C) and lactate oxidase (Aerococcus viridans, lyophilized powder, 38 units/mg, stored at 20°C) were obtained from
Sekisui Diagnostics. Bovine serum albumin (BSA) was obtained from... All buﬀers
and solutions, if not speciﬁed, were prepared in deionized water of resistivity 18.2 MΩ
cm (ultrapure water).

2.2.2

Setup

2.2.3

Microelectrode Arrays

Joon Park, microfab control research engineer at the Birck Nanotechnology Center, made the microelectrode arrays that were used to optimize Pt-black deposition
and the direct-writing technique with the micro-dispenser. Figure 2.1 shows the layout of these MEAs. The working electrode material was Pt. The passivation layer
was SU-8. The substrate material was glass. Although these MEAs included counter
electrodes, a bare Pt wire electrode instead was used as the counter electrode.

Dispenser System
Figure 2.2a shows the Nordson EFD PRO Series automated dispensing system
we used to dispense enzyme/hydrogel solutions on the Pt MEA. The inset shows a
plastic syringe barrel that held the enzyme solutions being dispensed. The plastic
syringe barrels were purchased from Nordson EFD. The one element not shown is the
pumping system, connected to the syring barrel with a hose. As shown in the inset
of ﬁgure 2.2a, enzyme solution from the syringe barrel was pumped out through a
100-µm pulled pipette tip without ﬁlament. Before use, the end of the pulled pipette
tip was broken oﬀ, so its inner diameter was about 10 µm. Teﬂon tape and a luver

9

Fig. 2.1. Two chip designs were used. A Pt wire counter electrode
was used instead of those on the chips shown.
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Fig. 2.2. (a) Schematic of Nordson EFD dispenser system with insets for syringe schematic and digital-microscope photo of the pulledpipette tip with inner and outer diameter measurements. (b) Photo
of dispenser system over MEA with telescopic lens and light source
(ﬂashlight). (c) Photo from camera with telescopic lens of a a Pt
MEA with a drop dispensed on top. The drop was made much larger
than necessary, so it is easy to see.
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were used to secure the pulled pipette tip to the syringe barrel. The pumping system
was set to 0.1 psi, 0.05 s valve open time and 0.1 s dwell time to dispense dots
enzyme/hydrogel solutions about 150 µm in diameter and 0.177 µL in volume (ﬁgure
2.3).

2.2.4

Solution preparation

Enzyme/Hydrogel Solution
Variable U/ml GOx and LOx were dispensed in ultrapure water with 15 wt%
PEGDA-600 and 1 wt% IR2959 photoinitiator. First, GOx or LOx was mixed with
ultrapure water and vortexed at a low setting (2/10) for 5 min to make a solution with
10X the desired concentration. Meanwhile, another solution of 16.7 wt% PEGDA-600
and 1.1 wt% IR2959 photoinitiator in ultrapure water was made and vortexed at the
maximum setting (10/10) until the photoinitiator had dissolved. The enzyme solution
was mixed with the PEGDA-600/IR2959 in a 1:10 ratio. This mixture was vortexed
at a low setting (2) for 5 min. Finally, the enzyme/PEGDA-600/IR2959 mixture was
loaded into a syringe barrel for dispensing. When not in use, the solution was stored
at 4 °C. Enzyme/hydrogel solutions were not used after 24 h at 4 °C.

Enzyme/BSA/Glutaraldehyde Solution
This solution was deposited onto PtNP/MWNT/Ecoﬂex/PEDOT:PSS (”nanocomposite”) electrodes to functionalize them with LOx and test sensitivity to lacate and
glucose. First, 1.26 mg LOx was added to 12 µL ultrapure water and centrifuged for
30 s to make 4000 U/ml. Meanwhile, 1.2 mg bovine serum albumin (BSA) was added
to 0.4 mL ultrapure water and left to dissolve at 4°C, resulting in a 3% BSA solution.
Then, a 1% glutaraldehyde solution was made by adding 2 µL 50% glutaraldehyde to
100 µL ultrapure water. 12 µL 4000 U/ml LOx, 8 µL 3% BSA and 4µL 1% glutaraldehyde solutions were mixed together by centrifugation for 30 s. 0.5 µL of this mixture
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was drop-casted 5 times onto nanocomposite electrodes. The mixture was left to dry
at room temperature after each of the 5 castings. Finally, 0.5 µL 5 wt % Naﬁon was
drop-casted on top to hold deposited enzyme to the electrode. LOx-functionalized
nanocomposite electrodes were stored at 4°C until use within 24 h.

2.3

Results and Discussion
In this work, we made a glucose/lactate multi-analyte micro-biosensor (<1000

µm) on an MEA with 30-µm electrodes using a Nordson EFD automated dispensing
system. We were able to precisely pattern 150-µm diameter, 0.177-µL dots of enzyme/hydrogel solution onto 30-µm electrodes. PEGDA-600 was used to make the
enzyme solution more viscous, so the system’s minimum pumping pressure, 0.1 psi,
dispensed less volume for smaller features. After the hydrogel was cross-linked with
254-nm UV light, it entrapped GOx and LOx enzymes. We deposited GOx and LOx
onto neighboring electrodes on the same MEA and simultaneously measured glucose
and lactate. The GOx-functionalized electrode (”glucose sensor”) had high selectivity
to glucose over lactate. However, the LOx-functionalized electrode (”lactate sensor”)
was not selective to lactate over glucose. We have proposed several possible causes
for the cross-sensitivity of the lactate sensor to glucose and how these issues will be
addressed in future work.

2.3.1

Patterning

The ﬁrst goal was optimizing the dispensing setup and conditions to achieve the
smallest practical dispensed dots (features). These parameters were found to be the
following: 10-µm inner diameter pulled pipette tip, 0.1 psi for 0.05 s (valve open
time), and holding the tip in the target location an additional 0.05 s after closing the
valve (0.1 s dwell time). When dispensing, z-coordinates were set, so the glass pulled
pipette tip would bend to ensure it made close contact with the electrode surface.
Otherwise, enzyme/15% PEGDA-600 drops would wick up the pulled pipette tip. We
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chose 0.1 psi as that was the lowest setting available with our pumping system. The
valve open and dwell times were found by trial and error. Figure 2.3 shows the result,
about 10-µm-tall, 150-µm-diameter, 0.177-µL dots.
The telescopic lens’s side perspective means the entire MEA (and ﬁeld of view)
cannot be made in focus at once. However, this is not be a problem for accurately
and precisely dispensing enzyme on many electrodes in series. The dispenser system’s
position and movement is programmable to the micron and it tracks its position.
Therefore, the tips position can be located and made a reference (”calibrated”). Then,
the MEA’s layout schematic or mask can be used to program accurate positioning for
dispensing enzyme on an arbitrary number of diﬀerent electrodes in series. Therefore,
this technique can be used to functionalize much larger arrays than those shown in
this work.

2.3.2

Simultaneous Measurement of Glucose and Lactate

Once we found operating parameters to deposit enzyme/hydrogel solutions in
150-µm dots onto 30-µm Pt-black/Pt electrodes, we deposited GOx and LOx onto
neighboring electrodes on the same array for simultaneous measurement of glucose and
lactate respectively 2.5. The enzyme/hydrogel solutions dispensed onto the glucose
and lactate sensors contained 1250 U/ml GOx and 5000 LOx/ml, respectively. The
glucose and lactate sensors were calibrated together to glucose and lactate (ﬁgure
2.4). The glucose sensor (1250 U/GOx had a sensitivity of 0.155 pA/mM/µm2 to
glucose and was insensitive to lactate. It had a linear range up to 8 mM, a response
time less than 20 s and a detection limit of 100 µM. On the other hand, the lactate
sensor had a sensitivity of 0.281 pA/mM/µm2 to lactate and 0.036 pA/mM/µm2 to
glucose. It had a linear range up to 0.3 mM, a response time less than 20 s, and a
detection limit of 87 µM. The limit of detection of the glucose and lactate sensors
are just enough to measure a change over 2 days as we have estimated. The limit
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Fig. 2.3. (a) Drops of enzyme/PEGDA-600 solution with diameter less than 150 µm were dispensed on two Pt electrodes in a fourelectrode array. Scale bar is 500 µm. Second electrode from the
bottom (b) and bottom-most electrode (c) at higher magniﬁcation.
Scale bar is 100 µm.
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Fig. 2.4. Both 1250 U/ml GOx and 5000 U/ml LOx were deposited
on neighboring electrodes on the same MEA. (a),(b) Calibration to
glucose. Both sensors responded to glucose. (c),(d) Calibration to
lactate. The GOx-functionalized sensor had no cross-sensitivity to
lactate. Insets show the same data over smaller time or lactate ranges.
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Fig. 2.5. The MEA with a GOx-functionalized electrode (2.4a-b) and
a LOx-functionalized electrode (2.4c-d) was able to measure both glucose and lactate in the same solution. The glucose sensor shows no
cross-sensitivity to lactate. However, the lactate sensor shows crosssensitivity to glucose. The amounts of lactate and glucose added were
chosen based on the linear ranges of the sensors shown in ﬁgure 2.4
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of detection of both sensors would need to be decreased two orders of magnitude for
measurements over 2 h.
Table 2.1 compares these parameters to other glucose and lactate sensors from
literature. The glucose and lactate sensors from this work were less sensitive than
multi-analyte sensors reported in the literature. However, they were both smaller
and more sensitive than similar sensors on a multi-analyte array made by Yan et
al. [24]. Yan et al. used photolithography to pattern 600-µm disks of PEGDA-575
loaded with vinylferrocene and GOx or LOx on 300 µm-diameter gold electrodes.
(Something about incorporating vinylferrocene to increase sensitivity). Although
the lactate sensor was not selective, separate measurement of glucose and lactate
distinguishes this work from that of Yan et al.
Figure 2.4 shows that the dynamic range of the lactate sensor on the multi-analyte
array was relatively narrow compared to the glucose sensor. This was expected. Depending on the reference LOx has a KM from 0.157 mM to 0.94 mM [25–29], while
GOx has a KM of 32 mM [30]. Furthermore, Madangopal’s lactate sensors also saturated around 0.3 mM [21]. However, another lactate sensor was prepared in the same
way but with half the units of enzyme (2500 U/ml vs 5000 U/ml enzyme/hydrogel
solution). Figure 2.6 shows the calibration of this lactate sensor. Although it is
less sensitive (0.023 vs 0.281 pA/mM/µm2 ), it has a much wider dynamic range,
from 0.7 to at least 16.5 mM. The data suggest that enzyme concentration in the
enzyme/hydrogel solution aﬀects the sensors sensitivity and dynamic range. If this
is the case, mass transport likely plays a primary role [31]. However, more data is
needed to make a conclusion.
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Fig. 2.6. A Pt-black electrode functionalized with 2500 U/ml LOx
had lower sensitivity but a much greater linear range than a similar electrode functionalized with 5000 U/ml LOx(a) 2500 U/ml
LOx/PEGDA/Pt-black electrodes show a response to lactate additions. (b) Calibration of 2500 U/ml LOx/PEGDA/Pt-black to lactate.

Table 2.1.
Sensor comparison

reference

Yan et al. [24]

Vasylieva et al. [31]

analyte

platform

glucose

GOx or LOx in PEGDA-575 with

lactate

vinylferrocene on gold

glucose

polyurethane over GOx/BSA/-

lactate

glutaraldehyde

or

area

sensitivity

linear

[µm2 ]

[pA/mM/µm2 ]

[mM]

time [s]

7.07 x 104

0.009

up to 20

70

0.011

up to 10

0.448 ± 0.374

-

1.404 ± 1.135

up to 1.5 - 3

19.1

2x10− 2 - 8

34.9

4x10− 3 - 0.25

8 x 102

LOx/BSA/-

range

response

-

PEGDE on Pt
Madangopal [21]

7

2-5

glucose

GOx in PEDOT/PoAP on Pt-black

lactate

LOx in PEDOT/PoAP on Pt-black

Shi et al. [32]

glucose

GOx on TEOS

2 x 106

0.6 ± 0.15

down to 2.0x10−3

8.0

this work

glucose

GOx in PEGDA-600 on Pt-black

7.1 x 102

0.155

0* - 8
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lactate

LOx in PEGDA-600 on Pt-black

0.281

0* - 0.3
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2.3.3

Cross-Sensitivity of Lactate Sensor to Glucose

The glucose sensor and lactate sensor need to be selective to their respective
analytes for simultaneous direct measurement of glucose and lactate. Figure 2.7
shows the selectivity of the glucose and lactate sensors. The glucose sensor has very
high is completely selectivity to glucose over lactate. On the other hand, the lactate
sensor has poor selectivity to lactate over glucose. Its selectivity as a ratio of lactate
sensitivity to glucose sensitivity is 7.8. The cross-sensitivity of the lactate sensor to
glucose has several enumerated possible causes. The issue of cross-sensitivity of the
lactate sensor to glucose needs resolving in future work.
1. Lactate oxidase from Aerococcus viridians may have inherent catalytic activity
towards glucose. However, BRENDA does not list glucose as a substrate of LOx.
In addition, electrodes functionalized with LOx by Madangopal (2014) [21] did
not show cross-sensitivity to glucose.
2. Lyophilized lactate oxidase (Aerococcus viridians) from Sekisui Diagnostics has
up to 0.001% GOx. If this were the cause of cross-sensitivity, based on the U of
LOx deposited and the sensitivity of the glucose sensor, the sensitivity of the
lactate sensor to glucose would be 0.62 fA/mM/µm2 , much less than what was
observed, 0.036 pA/mM/µm2 (ﬁgure 2.4). To test this possible cause and the
preceding one, the same LOx was deposited onto PtNP/MWNT/PEDOT:PSS
nanocomposite electrodes and calibrated to lactate and glucose. Nanocomposite electrodes functionalized with LOx were sensitive to lactate and insensitive
to glucose. This suggests that neither inherent glucose-catalytic activity nor
contamination of lyophilized LOx caused the lactate sensors cross-sensitivity.
3. Some of the H2 O2 produced from glucose by the glucose sensor may have diffused away from the glucose sensor and reacted on the lactate sensor electrode,
generating crosstalk current. This was tested by functionalizing two 30-µm Ptblack/Pt electrodes with GOx on an array of four such electrodes, so two were
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Fig. 2.7. The glucose sensor was selective to glucose over lactate. The
lactate sensor was not very selective to lactate over glucose. The ﬁrst
bar (white) represents sensitivity to glucose. The second bar (diamond grid) represents sensitivity to lactate. The third bar (dotted)
represents selectivity, the ratio of sensitivity to target analyte over
sensitivity to the other analyte. The glucose sensor did not respond
at all to lactate, so its selectivity is represented as inﬁnite in this
graph.
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Fig. 2.8. Pt-black electrodes without GOx or LOx were insensitive
to glucose. (a) GOx-functionalized Pt-black/Pt electrodes shown in
ﬁgure 2.3 sense glucose while electrodes without GOx do not. Inset
shows how current density from Pt-black electrodes increases gradually from 2000 to 2700 s. (b) Calibration of GOx/PEGDA/Pt-black
electrodes to glucose and comparison to Pt-black electrodes.
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Fig. 2.9. 400 rpm stirring sheared PEGDA-600 hydrogel with 2500
U/ml GOx cross-linked on a Pt MEA. (a) Pt MEA with cross-linked
hydrogel dots before 400 rpm stirring and calibration to glucose. (b)
Pt MEA with cross-linked hydrogel dots after 400 rpm stirring and
calibration to glucose. Streaks of residue beyond original deposition
area can be seen.
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left with only Pt-black/Pt, and then calibrating all four to glucose. Figure 2.8
shows the result. The 30-µm Pt-black/Pt electrodes were insensitive to glucose.
If H2 O2 escaping from the glucose sensor were the cause of cross-sensitivity, the
Pt-black/Pt electrodes on this MEA should show a similar or greater sensitivity to glucose as the lactate sensors on the multi-analyte array in ﬁgure 2.4.
However, Pt-black/Pt on the same array as glucose sensors were insensitive to
glucose. For most of the calibration, adding glucose did not increase the signal
from the Pt-black/Pt electrodes. When the current from Pt-black/Pt electrodes
on the same array as glucose sensors did increase towards the end of the calibration, it increased continuously (slow response) (ﬁgure 2.8a, inset). This
contrasts with the step-like response of the lactate sensor on the same array as
the glucose sensor (fast response) (ﬁgures 2.4 and 2.5). H2 O2 production and
diﬀusion from the hydrogel can be eliminated by incorporating a redox species
such as vinylferrocene as done by Yan et al. [24]. Vinylferrocene ”wired” oxidase
enzymes entrapped in PEGDA-575, mediating electron transfer from enzyme to
electrode without O2 or H2 O2 .
There is another way to address background signal from H2 O2 accumulation and
other interfering species. Control electrodes can be placed among the GOx- and
LOx-functionalized glucose and lactate sensors. The control electrodes would be
fabricated in the same way but without either enzyme, only hydrogel. Therefore,
they will only measure background and interference currents, which then can be
subtracted from the glucose and lactate sensor measurements. This technique
has been demonstrated by Vasylieva et al. [31].
4. The cross-linked PEGDA-600 hydrogel holding GOx on the glucose electrode
may have sheared during the calibration to the point that GOx was very near
or on top of the electrodes corresponding to the lactate sensor. Stirring the
calibration solution with a stir bar would have caused this shear. Figure 2.9
shows hydrogel shearing on the MEA used to test crosstalk from H2 O2 (ﬁgures
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2.3 and 2.8. During this calibration, the solution was stirred at 400 rpm. This
possible problem could be eliminated by calibrating at a reduce stirring speed.
Afterwards, the MEA can be checked for hydrogel shear under a Hirox 3D
digital microscope. When the multi-analyte array measures from cell cultures,
the solution will not be stirred. Alternatively, the PEGDA-600 hydrogel can be
substituted for glutaraldehyde or 5 wt.% Naﬁon.
5. The cross-linked PEGDA-600 hydrogel entrapping GOx may have delaminated
from the glucose electrode. In this case, GOx in the free-ﬂoating hydrogel would
still catalyze glucose and produce H2 O2 . Because GOx is no longer directly
above the glucose sensor electrode, H2 O2 accumulates in the calibration solution
and reacts with all electrodes, so all electrodes are eﬀectively sensing glucose
and selectivity is lost. Delamination of cross-linked hydrogel from a glass surface
was observed many times.
Delamination of hydrogel from Pt-black and SU-8 surfaces could be tested by
depositing and cross-linking GOx/PEGDA-600 on a Pt-black/Pt MEA, observing the MEA under a hirox digital microscope, submerging the MEA in PBS
with or without stirring for some amount of time, observing the MEA again,
and ﬁnally calibrating another non-functionalized Pt-black/Pt MEA to glucose
in the same PBS solution. If hydrogel delaminates from Pt-black and SU8, the hydrogel dot should disappear between the two observations, and the
non-functionalized Pt-black/Pt MEA should sense glucose because the GOx in
hydrogel would be in the calibration solution.
6. GOx may have leached from the hydrogel during calibration and non-speciﬁcally
adsorbed over the entire MEA surface. This could tested with Fourier-transform
infrared spectroscopy of the MEA surface after calibration or submersion in
PBS for an hour. Finding peaks corresponding to GOx in a spot away from the
glucose sensor would suggest leaching and non-speciﬁc adsorption are taking
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place. This problem could be prevented by covalently attaching the enzymes to
hydrogel [33], or by using an alternative to hydgrogel, such as glutaraldehyde.
7. GOx may have been unintentionally deposited onto the lactate sensor electrode.
In this case, no modiﬁcations to the fabrication protocol are needed except more
attention to be paid to not unintentionally depositing the wrong enzyme on the
wrong electrode.

2.4

Conclusions
We have shown that the automated dispensing can be used to pattern 150-µm-

diameter dots of GOx and LOx enzymes. We used this patterning technique to
make a multi-analyte glucose-lactate sensor on a Pt MEA. This sensor simultaneously
measured glucose and lactate although the lactate sensor was not selective to lactate
over glucose. The lactate sensor’s cross-sensitivity to glucose will be investigated in
future work.
Micro-patterning enzymes not only let us make multi-analyte biosensor arrays,
but also it would let us make sub-millimeter, fully-printed bio-devices. We have
used the dispenser system to make ﬂexible nanocomposite electrodes with excellent
electrochemical properties [34]. Conventional drop-coating works for single-analyte
sensors and arrays with at least 1-mm electrode pitch. However, the dispenser system
can print nanocomposite electrodes at least down to 90 µm diameters and sub-100 µm
spacing. Precision printing enzymes gives us micro-scale spatial control to make submillimeter, fully printed multi-analyte biosensors and biofuel cells. Besides decreasing
device size, automated dispensing is generally more precise and reproducible than
drop-coating.
Automated dispensing is a practical technique for depositing enzymes with precise
spatial control. It is an important step towards making multi-analyte biosensor arrays
for measuring cellular gradients and ﬂuxes in vitro. Developing such arrays will give
us a new way to study cellular signaling and metabolism.
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3. PULSED POTENTIOSTATIC DEPOSITION OF PT
BLACK TO INCREASE BIOSENSOR SENSITIVITY
3.1

Introduction
One way to meet the sensitivity criteria from chapters 1 and 2 was functionalizing

electrodes with nanomaterial to increase their electrochemical surface area. Various
nanomaterials, such as single-walled and multi-walled carbon nanotubes, graphene
and gold were considered. In the end, we chose to use Pt black because it can be
easily electro-deposited with spatial control at the micro-scale.
An amperometric sensor’s current depends on the eﬀective surface area (ESA).
Eﬀective surface area accounts for topology and roughness, whereas geometric surface
area only accounts for two-dimensional / top-down view footprint. Increasing the
eﬀective surface area creates more space for enzyme doping. Ignoring factors such as
O2 depletion, more enzyme in the same geometric area means more analyte catalysis
and greater sensitivity. Also, increasing ESA lowers an electrode’s impedance and
improves its charge transfer [Franks2005]. Therefore, increasing the eﬀective surface
areas will increase current density. In this work, current density means current over
geometric surface area.
Pt-black is one material commonly used to increase the eﬀective surface area of
microelectrodes [12, 20, 21, 35, 36]. One of the advantages of Pt-black is that is can
be easily electro-deposited on Pt microelectrodes in a chloroplatinic acid / lead(II)
acetate solution. Galvanostatic methods using a constant current for a constant
deposition rate have been common for electrodeposition. Then, it was found that
current pulses deposited superior nanomaterial layers than constant current [chandrasekar2008]. In contrast to current pulses, pulsed potentiostatic deposition has an
additional advantage. Because voltage pulses are used instead of current, pulsed po-
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Fig. 3.1. Schematic representation of potential vs. time during pulsed
potentiostatic deposition.

tentiostatic deposition parameters do not depend on electrode area [36]. Therefore,
once parameters are found for one type of electrode, the same parameters can applied
to any other electrode of the same material no matter its size.
Figure 3.1 is a schematic representation of potential vs. time and important
parameters during pulsed potentiostatic deposition. The potential applied to the
electrode is cycled between an ON potential (EON ) and OFF (EOF F ) potential, each
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during an ON time (tON ) and OFF time (tOF F ), respectively. Pt black is deposited
during the pulses of EON . In between, when the potential equals EOF F , metal ions
can migrate to depleted areas on the electrode surface. Therefore, metals ions are
more evenly distributed during deposition. Also, during electrodeposition, a negatively charged layer can form around the electrode and block metal ions. Periodically
turning oﬀ the bias potential somewhat discharges the negatively charged layer, so
metals ions can better reach the electrode [chandrasekar2008].
We developed our own pulsed potentiostatic deposition protocol and compared
the result to similar Pt-based H2 O2 sensors in literature. Although there is an absolute coulometric measurement of roughness factor [36] of Pt black, we chose to use
sensitivity to H2 O2 as a surrogate measure for comparison among diﬀerent protocols.
In terms of sensitivity to H2 O2 , our protocol compares well to other protocols. However, our protocol deposited Pt black outside the original Pt electrodes’ perimeters
(overgrowth), changing their geometric areas. This problem was solved by increasing
the length of ON pulses from 0.1 s to 2 s and increasing the ON potential from -0.5
V to 0 V.

3.2

Materials and Methods

3.2.1

Materials

Chemicals
Phosphate buﬀered saline (PBS 0.01 M pH 7.4), chloroplatinic acid solution (8%
wt/wt), lead (II) acetate trihydrate (99%), H2 O2 (30% (w/w) in H2 O, stored at 4
°C, dimethyl sulfoxide (99.7% HPLC grade), sodium acetate buﬀer solution (3 M,
pH5.2), and sodium ascorbate were purchased from Sigma-Aldrich (St. Louis, MO).
All buﬀers and functionalization solutions, if not speciﬁed, were prepared in deionized
water (DI) of resistivity 18.2 MΩ cm (ultrapure water).
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Setup
All functionalization steps and experiments, unless otherwise speciﬁed, used a
three-electrode setup with a Ag/AgCl/KCl (saturated) reference electrode and a bare
Pt wire counter electrode (BASi). Therefore, if not explicitly stated, all potential
values are with reference to Ag/AgCl. A BLANK cm stir bar and BASi C-3 cell
stand were used to stir solutions. Gamry potentiostats were used for electrochemical
methods.

Microelectrode arrays
The microelectrode arrays were the same ones used in chapter 2.

3.2.2

Functionalization

Pretreatment, cleaning and storage
After fabrication and use, electrodes were rinsed with PBS. If the electrode had
been functionalized with enzyme, it was stored in PBS (pH 7.4) at 4 °C. Otherwise,
it was stored in nitrogen at room temperature. Ag/AgCl reference electrodes were
stored in 3 M NaCl solution. The 3 M NaCl solution was replaced every month.

Platinum black deposition
Pulsed potentiostatic deposition in a standard three-electrode setup was used to
deposit Pt black on bare Pt electrodes. Electrodes were put in 17.5 mM hexachloroplatinic acid with 0.03 mM lead(II) acetate platinizing solution. After Pt black deposition, electrodes were rinsed in ultrapure water and dried with nitrogen.
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Fig. 3.2. Current density of electrodes with Pt-black deposited with
varying pulse The optimal pulse length tON to apply the ON potential
EON is 0.1 s.
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Fig. 3.3. The amount of Pt-black deposited increases with the number
of pulses. For tON = 0.1 s, the optimal number of pulses from this
group was 100, corresponding to a total ON time of 10 s. After
100 pulses, not only did Pt-black extended far beyond the original
electrode geometric area, but also it was deposited in along the leads.
This is most clearly seen for 500 pulses as bright spots along the
black lead. Pt black must have grown through defects in the SU-8
passivation layer.

Table 3.1.
Comparison of Pt functionalizations
area [µm2 ]

sensitivity [pA/mM/µm2 ]

2x106

33.35 ± 3.05

-

4.6

490

1.4

7

4300

Pt-black from potentiometric pulses on Pt

100

16.5 ± 3.6

Pt-black from potentiometric pusles on Pt

710

1600

reference

platform

Taguchi et al. [35]

pulSED Pt on Pt/Ir

Chakraborty & Raj [37]

nano-Pt/PDDA on glassy carbon

Evans et al. [38]

mesoporous Pt on Pt

Madangopal [21]

Pt-black from amperometric pulses on Pt/Ir

Sridharan et al. [12]
this work
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3.3

Results and Discussion
The ﬁrst step in developing a pulsed potentiostatic deposition protocol for Pt

black was determining the ON and OFF potentials, EON and EOF F . Madangopal
used trains of current pulses of 10 µA and 30 µA to deposit Pt-black [21]. Applying
these currents to an electrode means there was a corresponding potential, EON , that
worked to deposit Pt black. Therefore, we re-ran current pulses of 10 µA and 30
µA through the electrodes in platinizing solution. The steady-state potential during
current pulses was about -0.5 V vs. Ag/AgCl. We conﬁrmed that this potential
was suﬃcient for depositing Pt black by biasing a Pt wire to -0.5 vs. Ag/AgCl in
platinizing solution. The part of the Pt wire in solution turned black, which is the
expected result of Pt black deposition. On the other hand, the open circuit potential
was chosen for EOF F because by deﬁnition there is not current at the open circuit
potential.
After setting EON and EOF F , the remaining parameters were tON , tOF F and the
number of pulses. We chose to use the same tOF F as Rothe et al. used for Pt black,
0.4 s [36]. We found that this was suﬃcient time for the electrode current to return to
zero. Next, holding all other parameters equation, we varied tON and calibrated the
resulting Pt black electrodes to H2 O2 . The total time ON also was held constant, so
the number of pulses for each electrode was equivalent to the total time ON divided
by tON . Therefore, shorter tON meant more pulses. H2 O2 was used as a relative
measurement of the eﬀective surface area of each electrode. It was assumed that the
more eﬀective surface area an electrode had, the more sensitive it would be.
Figure 3.2 shows that most Pt black electrodes had a sensitivity around 0.5
nA/mM/µm2 . Meanwhile, the electrode functionalized with 0.1 s pulses had a sensitivity of 1.6 nA/mM/µm2 . More data is needed to conclude with conﬁdence that
tON 0.1 s is an optimal within the range of 0.05 s to 1 s, and that the resulting Pt
black electrode has a sensitivity of 1.6 nA/mM/µm2 . However, table 3.1 compares
this electrode to other similar sensors from literature.
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The number of pulses was the last remaining parameter to determine. Figure 3.3
shows the result of varying the number of pulses on the morphology of Pt black on
our Pt MEA. The tON was 0.1 s for all three electrodes and the other parameters
were unchanged from before. As expected, more pulses resulted in more deposition
of Pt black. After 100 pulses, Pt black extended exceedingly far beyond the original
30-µm diameter of the electrodes. Furthermore, for 250 and 500 pulses, Pt black was
deposited along the leads leading to the electrodes. This suggests that there were
imperfections or hole in the Su-8 passivation layer. Pt-black deposition outside of
the electrode is undesirable for MEA gradient measurements. The precise location
of sensors needs to be known to calculate gradients from many concentration measurments, and the calculations are easier if each sensor is assumed to be a point.
Therefore, 100 pulses was best by default. Depositions with 100 pulses were repeated
enough times to conclude that the electrode in ﬁgure 3.3 corresponding to 100 pulses
is representative.
Table 3.2.
Pulsed potentiostatic deposition parameters
parameter

short-pulse protocol

long-pulse protocol

number of pulses

100

5

total time ON

10 s

10 s

tON

0.1 s

2s

tOF F

0.4 s

2.01 s

EON

-0.5 V

0V

EOF F

OCP (around 0.65 V)

0.3 V for 0.1 s, OCP for 2 s

Later, another protocol was recommended by Siddarth Sridharan and Jose Rivera.
This protocol will be referred to as the ”long-pulse protocol.” The other protocol will
be referred to as the ”short-pulse protocol.” Table 3.2 lists the parameters for each.
In short, the long-pulse protocol uses ﬁve 2-s pulses at 0 V, whereas the short-pulse
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Fig. 3.4. Fewer long pulses at 0 V vs. Ag/AgCl deposited more
uniform Pt-black with better spatial control than many short pulses
at -0.5 V vs. Ag/AgCl. (a) Bare 30-µm-diameter Pt electrode. (b)
Pt electrode after 100 pulses of 0.1 s at -0.5 V vs. Ag/AgCl. (c) Pt
electrode after 5 pulses of 2 s at 0 V vs. Ag/AgCl.
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protocol uses 100 0.1-s pulses at -0.5 V. Figure 3.4 shows the morphology of Pt-black
from both protocols and a bare Pt electrode. The short-pulse protocol deposited Pt
black mostly around the electrode parameter and beyond the original electrode area.
Pt black does not appear to be deposited uniformly across the electrode. On the other
hand, the long-pulse protocol deposited an apparently uniform layer of Pt black with
high spatial control. Pt black was only deposited within the original circumference of
the electrode. As next steps, the sensitivities resulting from the two protocols can be
compared, and the morphologies can be examined more closely by scanning electron
microscopy.

3.4

Conclusions
Nanomaterial functionalizations such as Pt-black are useful for increasing the sen-

sitivity of enzymatic biosensors. We have developed parameters for practical deposition of Pt-black on Pt microelectrodes. More data is needed to make a conclusion
on the optimal parameters for sensitivity with conﬁdence. However, for our system,
we can conclude that fewer longer pulses at 0 V vs. Ag/AgCl are preferable to many
shorter pulses at -0.5 V vs. Ag/AgCl with regard to uniformity and spatial control /
conﬁnement to the electrode’s geometric area.
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4. DIRECT ELECTRON TRANSFER FROM GLUCOSE
OXIDASE TO SINGLE-WALLED CARBON NANOTUBES
4.1

Introduction
Crosstalk from H2 O2 and maximizing current density are two challenges to making

multi-analyte micro-biosensor arrays. As a solution to these challenges, we investigated a means to electrically couple oxidase enzymes, speciﬁcally GOx, directly to
the sensor electrode. This is called direct electron transfer (DET). With regard to
enzymatic biosensors and biofuel cells, direct electron transfer means that electrons
from analyte/fuel catalysis travel directly from the redox center of an enzyme to
the electrode. This is in contrast to using a mediator species, such as H2 O2 , O2 or
vinylferrocene, used by ﬁrst- and second-generation biosensors.
DET can be useful in minimizing crosstalk in an array of oxidase-based biosensors. Oxidase enzymes on ﬁrst-generation biosensors produce H2 O2 when they oxidize
analyte molecules (e.g., glucose). Then, some H2 O2 reacts on an electrode surface to
generate signal current. However, some H2 O2 can instead diﬀuse away from the electrode into the bulk solution. Over time, H2 O2 accumulates in the bulk solution and
increases the background signal of the biosensor. This is a problem for multi-analyte
enzymatic biosensor arrays. For example, a glucose sensor measuring high glucose
concentration produces H2 O2 that accumulates, diﬀuses away and increases the signal
from a nearby lactate sensor although the lactate concentration has not increased.
With DET from the enzyme redox center to electrode, the electrode can be biased
near the redox potential of the enzyme instead of at a potential to oxidize H2 O2 ,
resolving this problem. MET may be another way to address this same issue [39].
DET is also desirable for other applications, such as biofuel cells. For maximum
power from a biofuel cell, one wants a large diﬀerence between the anode (oxidation)
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and cathode (reduction) rest potentials and large currents from minimal voltage drop.
Therefore, we want the lowest possible anode resting potential and a large increase
in anodic current as the anode potential is swept up from its resting potential. The
equilibrium potential of glucose catalysis by GOx is -475 mV vs Ag/AgCl [40]. On
the other hand, the equilibrium potential of H2 O2 on Pt is 0.2 V vs Ag/AgCl [41].
Therefore, it is preferable to directly electrically couple the electrode to GOx instead
of using H2 O2 as an intermediate.
Electrode polarization as a function of the current density is the main method of
analysis of fuel cell performance [42]. A power curve can be made from polarization
curves of the anode and cathode. The power curve shows the maximum power density
of the biofuel cell at optimal potential (Zebda2011). Linear sweep voltammetry is a
commonly used method to create a polarization curve [42]. A slow scan rate (¡ 1
mV/s) is used, so the system is near steady-state operation mode. The nearer the
system is to steady state (therefore, the slower the scan rate), the more adequate the
data represented [42].
Nanomaterials such as carbon nanotubes and graphene have been reported to
enable DET from glucose oxidase due to their electrical properties and geometry
[43–47]. Single-walled carbon nanotubes (SWNT) from were of particular interest to
us. SWNT can be grown into vertically aligned carbon nanotube forests. SWNT
forests can be doped with enzyme by liquid induced shrinkage [48]. The result would
be a biosensor with high electrochemical surface area, high enzyme loading and DET.
Also, They have been shown to couple to hydrogenase by DET [45]. They have a
smaller diameter than multi-walled carbon nanotubes (MWNT), which gives SWNT
a better chance of ”threading” enzymes and getting close enough redox centers inside
[43]. For these reasons, we studied DET in sensors functionalized with SWNT and
GOx. Our data suggest that GOx spontaneously adsorbs to SWNT and denatures.
Then FAD cofactors from GOx adsorb to SWNT, and electrons can transfer directly
from FAD to SWNT.
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4.2

Materials and Methods

4.2.1

Electrode Functionalization

SWNT and enzyme (GOx only or GOx and catalase) were drop-coated onto 1.6mm diameter Pt electrodes. Enzyme solutions were made by dissolving 50 mg GOx
with or without 50 mg catalase into 1 ml ultrapure water. This solution was vortexed
at low (2) for 5 min. 2 ul of the enzyme solution were drop-coated with a micropipette onto the electrode with SWNT and left to dry for 5 min at 4 °C. Next, 2
ul of NAFION was drop-coated onto the enzyme-functionalized electrode to prevent
enzyme from leaching out. The NAFION layer was left to dry for 5 min at 4 °C.
Naﬁon and drop-casting GOx instead of dip-coating GOx increased the peak currents
measured during cyclic voltammetry (results not shown).

4.2.2

Electrochemical Characterization

4.2.3

Setup

All functionalization steps and experiments, unless otherwise speciﬁed, used a
three-electrode setup with a Ag/AgCl reference electrode and a bare Pt wire counter
electrode (BASi). Therefore, if not explicitly stated, all potential values are with
reference to Ag/AgCl. A 0.5 inch stir bar and BASi C-3 cell stand were used to stir
solutions. Gamry potentiostats were used for electrochemical methods.

Solution Deoxygenation
The test solution was deoxygenated to INVESTIGATE THE ROLE OF OXYGEN (ELABORATE THIS IN INTRO). For this purpose, nitrogen was bubbled
through the solution for 30 min while it was stirred at 800 rpm. Afterwards, during measurement, nitrogen was pumped between the solution surface and the plastic
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Fig. 4.1. Cyclic voltammetry (50 mV/s) of Pt (dotted), SWNT on
Pt (black) and GOx on SWNT on Pt (red) in pH 7.4 PBS. Current
peaks on GOx/SWNT/Pt curve near -0.5 V show quasi-reversible
one-electron transfer from GOx’s FAD redox cofactor.

”cell top” piece to maintain a blanket layer of nitrogen over the solution and prevent
re-oxygenation.

4.3

Results and Discussion
Cyclic voltammetry (CV) of Pt, SWNT/Pt and GOx/SWNT/Pt in O2 -free, pH

7.4 PBS shows that redox peaks appear when GOx is added. These peaks do not
occur for SWNT/Pt or Pt alone. These CV data suggest that reversible electron
transfer occurs and that it depends on the presence of all or part of GOx, including
FAD cofactor.
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Fig. 4.2. For Naﬁon/GOx/SWNT/Pt in pH 7.4 PBS, as the scan rate
increases, ΔEp approaches 80 mV, which suggests that one electron
transfer is occuring. (a) Current density [mA/cm2 ] vs. potential [V]
as the scan rate is increased from 10 mV/s to 150 mV/s. (b) The
diﬀerence between anodic and cathodic peak potentials [V] vs. the
scan rate [mV/s].
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Fig. 4.3. Conclusion from ﬁgure / analysis of peak current and peak
potential vs scan rate from ﬁgure 4.2. (a) Peak cathodic (red) and
anodic (green) current peaks vs. scan rate. (b) Peak cathodic (red)
and anodic (green) potential vs. scan rate.
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Fig. 4.4. Adding glucose did not increase the peak anodic current during CV (50 mV/s) of Naﬁon/GOx/SWNT/Pt in pH 7.4 PBS as would
be expected if GOx adsorbed to SWNT were catalytically active.
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CV was measured from Naﬁon/GOx/SWNT/Pt electrodes at increasing scan rates
to calculate determine how many electrons were being transferred from the adsorbed
GOx to SWNT. From 10 mV/s to 150 mV/s, the average of the cathodic and anodic
peak potentials is -477 mV (ﬁgure 4.2a). In an ideal system, the diﬀerence between
the cathodic and anodic peak potentials ΔEp is 56.5 mV per electron transfered.
Figure 4.2b shows that ΔEp approaches 80 mV as the scan rate increases. This
suggests that one-electron transfer is occuring.
The relationships of peak current and peak potential to scan rate are useful for
calculating electrochemical parameters from the Nernst equation. Peak current and
potential points were taken from the CV data shown in ﬁgure 4.2. Figure 4.3a shows
how the peak anodic and cathodic currents vary with scan rate. Figure 4.3b shows
how the peak anodic and cathodic potentials vary with the scan rate. The slopes of
peak potential vs. scan rate is not linear in the range of 10 mV/s to 150 mV/s.
The data so far show that electron transfer occurs depending on the presence of
GOx. However, GOx adsorbed onto SWNT must also remain enzymatically active
(catalyze glucose) for this electron transfer to be useful for sensing or fuel oxidation. To test this, compared CV at 50 mV/s of Naﬁon/GOx/SWNT/Pt in pH 7.4
PBS without glucose, with 5 mM glucose and with 50 mM glucose. We expected
glucose to increase the anodic peak current. This should occur if there were DET
from glucose catalysis to the electrode. However, glucose only slightly decreased the
anodic peak current. Furthermore, polarization curves from LSV at 0.1 mV/s of
Naﬁon/GOx/SWNT/Pt in 5 mM glucose showed neither a rest potential near -0.5 V
nor anodic polarization until potentials in the range of H2 O2 oxidation. These results
suggest that there was not DET from active GOx to the electrode.
Instead, it is likely that GOx adsorbed on SWNT denatures and releases its FAD
redox cofactor. In this case, electron transfer occurs between SWNT and free FAD
molecules adsorbed onto SWNT. Any un-adsorbed GOx would remain active, but it
would not be close enough to the SWNT surface for DET. This active GOx would
still consume oxygen and produce H2 O2 , that would oxidize on SWNT and Pt at
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more positive potentials (beyond 0.2 V vs Ag/AgCl) [Zhang1993]. A missing control
experiment is cyclic voltammetry of only FAD redox cofactor on CNT to test whether
FAD is in fact the cause of electron transfer.

4.4

Conclusion
In conclusion, GOx spontaneously adsorbs to SWNT and quasi-reversible one-

electron transfer occurs. However, our amperometry data suggest that this electron
transfer does not occur between SWNT and active GOx. Instead it occurs between
SWNT and FAD molecules released from denatured GOx. This mechanism has been
proposed by others in the literature [49]. Despite this, SWNT are eﬀective at increasing the electrochemical surface area of an electrode (chapter 3). This is useful
for making ﬁrst-generation biosensors and biosensors that use MET. Finally, there
may be a signiﬁcant diﬀerence between SWNT from dispersion and vertically aligned
forests of SWNT with respect to DET from GOx. This has yet to be investigated.
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5. PHYSIOLOGICAL MODEL OF HYDROGEN
PEROXIDE REMOVAL BY HUMAN ASTROCYTES FOR
FLUX MEASUREMENT BY MICRO-ELECTRODE
ARRAYS
5.1

Introduction
Prior to multi-analyte sensors for measurement of glucose and lactate, we had

used single arrays of Pt-black electrodes to measure hydrogen peroxide gradients
from human astrocyte and glioblastoma tumor (GBM43) cells [12,13]. Detoxiﬁcation
of H2 O2 is important to brain function and in the physiology of tumors. Because we
were sensing H2 O2 , the medium had to be free of H2 O2 scavengers, such as pyruvate,
that are commonly included. As well, many ingredients of cell culture medium were
found to interfere with Pt-black electrodes biased at 0.5 V vs. Ag/AgCl. Therefore,
during measurements of H2 O2 detoxiﬁcation, we kept the cells in 5.5 mM glucose in
phosphate buﬀered saline (PBS) (pH 7.4) plus 20 to 500 µM H2 O2 . It was unclear
how being in PBS with only glucose and H2 O2 during 2 h, would aﬀect the cells.
Therefore, we examined them under a microscope before and after exposure. In
addition, we used a live/dead assay to assess cell viability before and after exposure
to H2 O2 in PBS. We found that exposure to H2 O2 in PBS during 2 h changed the
morphology and adherence of glioblastoma and especially astrocyte cells. However,
the live/dead assay suggested that the cells at that time are still viable.

5.1.1

Hydrogen Peroxide in the Brain

The brain maintains high energy requirements largely met through oxidative phosphorylation [50]. Neurons have the highest glycolytic rate in brain and are a major
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producer of reactive oxygen species, which include H2 O2 [51]. Low innate antioxidant
defenses in the brain increases its susceptibility to oxidative stress induced by elevated levels of reactive oxygen species [52]. The cooperative coupling of neurons with
astrocytes neutralizes hydrogen peroxide [53, 54]. Astrocytes possess multiple enzymatic mechanisms to dispose of H2O2, e.g., glutathione peroxidase (GPx1) [52] and
catalase [55,56]. Through these mechanisms, astrocytes prevent sustained high levels
of reactive oxygen species in the brain, which are seen in cancer [57]. Glioblastoma
multiforme (GBM) is the most aggressive form of brain cancer [58]. GBM is purported to originate from astrocytes and, like astrocytes, express GPx1 and catalase
to decompose H2 O2 into H2 O and O2 [59]. GBM undergo metabolic reprogramming
to support survival, proliferation, and invasion. This process generates elevated levels of hydrogen peroxide [60]. Maintenance of reactive-oxygen-species levels in GBM
is pivotal. High oxidative stress aids malignant progression, but insuﬃcient regulation results in cytotoxicity [61]. GBMs reliance on antioxidant defenses to control
metabolically-associated reactive oxygen species, including H2 O2 , is vulnerability to
be exploited therapeutically.

5.2

Materials and Methods

5.2.1

Materials

Human cerebral cortex astrocytes, astrocyte medium, cell freezing medium and
10 mg/ml poly-L-lysine were purchased from ScienCell Research Laboratories (Carlsbad, CA). Dulbeccos Modiﬁed Eagles Medium (DMEM) and EDTA solution were
purchased from Life Technologies (Carlsbad, CA). Astrocyte medium contained 500
ml of basal medium, 10 ml of fetal bovine serum (FBS, Cat. No. 0010), 5 ml of astrocyte growth supplement (AGS, Cat. No. 1852) and 5 ml of penicillin/streptomycin
solution (P/S, Cat. No. 0503). Glucose solution (50 ml of 200 g/L) and chambered
coverglass systems with 1.0 borosilicate glass and 4-wells were purchased from Thermo
Fisher Scientiﬁc (Waltham, MA). Hydrogen peroxide 30% (w/w) was purchased from
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Alfa Aesar (Ward Hill, MA) and phosphate buﬀer saline (PBS) pH 7.4 was purchased
from Sigma-Aldrich (St. Louis, MO).

5.2.2

Cell Culture

Human cerebral cortex astrocytes arrived from ScienCell (Carlsbad, CA) cryopreserved at passage one. Astrocytes were expanded and maintained according to
the companys protocol. For each measurement of H2 O2 consumption, passage-three
astrocytes (5.0 104 cells cm2) were seeded onto poly-L-lysinecoated chambered coverglass 4-well systems and incubated for two days in a humidiﬁed atmosphere at 37°C
with 5% CO2. Medium was replaced with fresh astrocyte medium one day after
seeding. H2O2 uptake rate was measured after two days of incubation. By this time,
cultures had grown to approximately 1.2 105 cells/cm2 . This number was calculated
from a growth curve of three human astrocyte cultures (5.0 104 cells/cm2 ) counted
each day of incubation for three days. The doubling time was calculated to be 1.547
days. The exponential ﬁt of the cell counts had an R2 ¿ 0.99. Cells were counted by
hemocytometer and viability was determined through Trypan Blue Exclusion.

5.2.3

Growth Curve

H2 O2 uptake rate was measured after two days of incubation. By this time,
cultures had grown to approximately 1.2 x 105 cells/cm2 . This number was calculated
from a growth curve of three human astrocyte cultures (5.0 x 104 cells/cm2 ) counted
each day of incubation for three days. Cells were counted by hemocytometer and
viability was determined through Trypan Blue Exclusion.

5.2.4

H2 O2 Exposure and Imaging

Prior to exposing cultures to H2O2 and measuring uptake rate, cultures were
imaged at 100X magniﬁcation with ToupView then washed twice with 5.5 mM glucose
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in PBS (pH 7.4). The culture wells were then ﬁlled with 0.3 ml 5.5 mM glucose
in PBS. Next, the culture wells and MEA were put in position for measurement.
Finally, 1.2 ml of PBS with 5.5 mM glucose and H2O2 was added, so the resulting
H2O2 concentrations were 20, 60, 100, 200, 300 or 500 mM in total volumes of 1.5
ml. The corresponding surface area and height of the liquid were 1.8 cm2 and 0.83
cm. Following each measurement in H2O2 solution, cells were imaged again.

5.2.5

Live/Dead Assay

Live/dead assay of astrocyte was used to assess viability of cells after 2 hours of
H2O2 exposure. Cultures were treated in one of four ways: (1) 2 hours in PBS with
5.5 mM glucose, (2) 2 hours in PBS with 5.5 mM glucose and 500 mM H2O2, (3) 20
minutes in formalin (negative control), and (4) directly assayed without treatment
(positive control). Following treatment, cultures were stained with CellTracker Green
(live stain) and propidium iodide (dead stain) (Thermo Fisher Scientiﬁc). Images were
obtained using confocal ﬂuorescence microscopy with model FV1000 (Olympus).

5.3

Results and Discussion
The doubling time was calculated to be 1.547 days. The exponential ﬁt of the cell

counts had an R2 ¿ 0.99. Figure 5.1 shows representative pictures of astrocyte before
and after exposure with 500 mM H2O2. Both cell types, but especially astrocytes,
changed shape and lost projections after exposure. In addition, many astrocyte cells
lost adherence to the cell-culture plate, so there appear to be less cells in ﬁgure 5.1B
than in ﬁgure 5.1A.
This result prompted us to run a live/dead assay to assess cell viability after
exposure. Figures 5.2 and 5.3 show the results of this assay. Two hours in H2O2
caused a fraction of astrocytes to lose adherence and thus being washed away during
the live/dead assay, which would explain the apparent reduction in cell conﬂuence.
However, the astrocytes that remained adhered were viable. On the other hand, there
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Fig. 5.1. Both astrocytes and glioblastoma lose adherence and change
morphology after 2 h in pH 7.4 PBS with 500 µM H2 O2 at room temperature outside 5% CO2 . Representative pictures of human astrocyte
(A)-(B) and GBM43 (C)-(D) cultures. (A)-(C) before 500 µM
H2O2 and measurement with MEA for approximately 2 h. (B)-(D)
after. Scale bars are 100 µm.
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Fig. 5.2. Live/dead assay of astrocytes. (A) positive control (no treatment). (B) negative control (ﬁxed with formalin for 20 minutes). (C)
incubated for 2 h in PBS (pH 7.4) + 5.5 mM glucose. (D) incubated
for 2 h in PBS + 5.5 mM glucose + 500 M H2O2. Scale bars are 100
m.
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Fig. 5.3. Live/dead assays of GBM43 cultures. Green corresponds to
cellular metabolism of CellTracker Green dye (life). Red corresponds
to propidium iodide binding to nucleic acid (nuclear membrane permeability and death). (E) positive control (no treatment). (F) negative
control (ﬁxed with formalin for 20 minutes). (G) incubated for 2 h in
PBS (pH 7.4) + 5.5 mM glucose. (H) incubated for 2 h in PBS + 5.5
mM glucose + 500 M H2O2. Scale bars are 100 m.
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was no dramatic reduction in the number of adhered GBM43 cells, and the cells were
viable. The distribution of the cells appears non-uniform, especially in ﬁgure 5.3E.
This is because the confocal microscope images from a narrow plane, so if the cells
do not sit on the same level in the culture dish, some will appear, while others will
not.

5.4

Conclusions
To this end, we developed cell culture protocols for human astrocytes and glioblas-

toma tumor cells (GBM43). We have shown that replacing cell culture medium with
PBS and 20 - 500 µM H2 O2 2 h damages these cells or at least changes their morphologies. However, at the end of 2 h, the cells are still viable with regard to metabolizing
CMFDA (CellTracker Green) and with regard to an intact nucleic membrane. The
same or similar cell culture and analysis techniques will be needed to make an in vitro
model for glucose and lactate ﬂux.
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6. GLOBAL CONCLUSIONS
Multi-analyte micro-biosensor arrays would be a useful tool for in vitro studies of brain
metabolism. Micro-scale deposition of enzymes with spatial control is one challenge
to making multi-analyte micro-biosensor arrays. Another challenge is maximizing
sensitivity of the microbiosensors. A third challenge is interference from oﬀ-target
molecules. Once the challenges have been addressed, an in vitro cell model must be
established. This work addresses each of these issues.
We have shown that the automated dispensing can be used to pattern 150-µmdiameter dots of GOx and LOx enzymes. We used this patterning technique to
make a multi-analyte glucose-lactate sensor on a Pt MEA. This sensor simultaneously
measured glucose and lactate although the lactate sensor was not selective to lactate
over glucose. The lactate sensor’s cross-sensitivity to glucose will be investigated in
future work.
If we are to measure glucose and lactate ﬂuxes from astrocyte cells over 2 h,
decreasing the limit of detection will be a challenge. Nanomaterial functionalizations
such as Pt-black are useful for increasing the sensitivity of enzymatic biosensors. We
have developed parameters for practical deposition of Pt-black on Pt microelectrodes.
More data is needed to make a conclusion on the optimal parameters for sensitivity
with conﬁdence. However, for our system, we can conclude that fewer longer pulses
at 0 V vs. Ag/AgCl are preferable to many shorter pulses at -0.5 V vs. Ag/AgCl with
regard to uniformity and spatial control / conﬁnement to the electrode’s geometric
area.
Another option for increasing the sensors’ sensitivity that was explored was direct
electron transfer to single-walled carbon nanotubes. Our data suggest GOx spontaneously adsorbs to single-walled carbon nanotubes, and electron transfer occurs
during a potential sweep, but the adsorbed GOx is not catalytically active.
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Finally, we studied the eﬀects of a minimum measurement buﬀer (PBS and glucose) on astrocyte and glioblastoma cells over 2 h. If species in the cell culture medium
interfere with glucose and lactate sensors as they did with H2 O2 sensors, we will need
to use the same or a similar solution for glucose and lactate ﬂux measurements. We
found that the shape and adherence of glioblastoma and especially astrocytes had
change over 2 h in PBS and glucose, yet the cells were remained alive to that time.
In these four areas, we have made important steps towards highly sensitive multianalyte micro-biosensor arrays for in vitro sensing of glucose and lactate gradients
and ﬂuxes.
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